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Abstract
Over  the  last  twenty  years,  the  search  for  extrasolar  planets  has  revealed  the  rich  diversity  of 
outcomes from the formation and evolution of planetary systems. In order to fully understand how 
these extrasolar planets came to be, however, the orbital and physical data we possess are not enough,  
and they need to be complemented with information about the composition of the exoplanets. Ground-
based and space-based observations provided the first data on the atmospheric composition of a few 
extrasolar planets, but a larger and more detailed sample is required before we can fully take advantage 
of it. The primary goal of a dedicated space mission like the Exoplanet Characterization Observatory 
(EChO)  proposal  is  to  fill  this  gap  and  to  expand  the  limited  data  we  possess  by  performing  a 
systematic survey of extrasolar planets. The full exploitation of the data that space-based and ground-
based facilities will provide in the near future, however, requires knowledge about the sources and 
sinks of the chemical species and molecules that will be observed. Luckily, the study of the past history 
of the Solar System provides several indications about the effects of processes like migration, late 
accretion and secular impacts, and on the time they occur in the life of planetary systems. In this work 
we will  review what  is  already known about  the factors  influencing the composition  of  planetary 
atmospheres,  focusing  on  the  case  of  gaseous  giant  planets,  and  what  instead  still  need  to  be 
investigated.
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1. Introduction
The primary objective of space missions devoted to the characterization of extrasolar planets, like 
the  ESA M3  mission  candidate  Exoplanet  Characterization  Observatory  (EChO),  is  to  accurately 
measure transmission spectra for extrasolar planets during primary transits, and day-side spectra from 
secondary eclipses. An operating wavelength range in the near infrared and mid infrared (respectively 
NIR and MIR in the following) covers key absorption signatures from the molecular species CH 4, H2O, 
CO2 and CO, whose relative strengths scale with the abundances present in the planetary atmosphere. 
Chemical  modelling  shows  that  these  abundances  are  particularly  sensitive  to  the  heavy-element 
content of the atmosphere (measured through the C/H and O/H ratios), and the C/O ratio (see Moses et 
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al  2013, for example).  Determination of the atmospheric elemental abundances from the measured 
spectra will provide important constraints on the formation, migration and enrichment history of the 
observed extrasolar planets.
Spectroscopic observations of extrasolar planets using Hubble Space Telescope and Spitzer have 
already confirmed the existence of various elements and molecules such as sodium, water, methane, 
and carbon dioxide in the atmospheres of hot-Jupiters (e.g. Tinetti et al.  2007; Swain et  al.  2009). 
Recent observations of the transiting hot-Jupiter Wasp-12b suggest an atmosphere abundant in CO and 
deficient in H2O, consistent with an atmospheric C/O ratio > 1, in contrast to the solar value C/O=0.54 
(Madhusudhan et al. 2011). Analysis of transmission and day-side spectra for the transiting 6.5 MEarth 
super-Earth GJ 1214b suggest a metal-rich atmosphere (e.g Bean et al. 2011), in agreement with the 
general  expectation  that  low  mass  planets  will  be  well-endowed  with  heavy  elements.  A similar 
conclusion has been reached for the hot-Neptune GJ 436b, whose day-side spectrum lacks a clear 
signature of CH4 while displaying abundant CO and CO2 (Madhusudhan & Seager 2011). The derived 
carbon chemistry  mixing ratios  are  consistent  with  chemical  models  that  assume a heavy element 
abundance enhanced above solar by a factor > 50 (Moses et al 2013). Although these and other data 
pertaining to extrasolar planetary atmospheres are tantalising, uncertainties originating in the relatively 
low signal  to  noise ratio,  and low spectral  resolution,  mean that  definitive conclusions concerning 
atmospheric abundances cannot be made. These data are not accurate enough to discriminate between 
different formation and migration scenarios for the observed planets. The spectral resolution and signal 
to noise ratio to be achieved by future space NIR/MIR missions similar to EChO will dramatically 
improve the situation and allow atmospheric compositions to be measured with unparalleled accuracy. 
Combining these data with estimates of planetary bulk compositions from accurate measurements of 
their radii and masses will allow degeneracies associated with planetary interior modelling to be broken 
(e.g. Adams et al. 2008), giving unique insight into the interior structure and elemental abundances of  
these alien worlds. 
Understanding the link between the history of a planetary system and the atmospheric composition 
of its planets, however, is not only a problem of increasing and refining the sample of observational  
data.  Also  our  comprehension  of  the  formation  and  evolution  of  planetary  systems  needs  to  be 
expanded, and different open issues need to be addressed. The original view of the set of events and 
mechanisms involved  in  planetary  formation,  in  fact,  was  derived  from observations  of  the  Solar 
System as it is today. The assumption derived from these observations was that planetary formation is a 
local, orderly process that produces regular, well-spaced and, above all, stable planetary systems and 
orbital  configurations.  However,  with  the  discovery  of  increasing  numbers  of  extrasolar  planetary 
systems through ground- and space-based observations, it has become evident that planetary formation 
can result in a wide range of outcomes, most of them not obviously consistent with the picture derived 
from the observations of the Solar System. 
The orbital  structure  of  the  majority  of  the  discovered  planetary  systems seems to  be  strongly 
affected by planetary migration. This can arise through the exchange of angular momentum with the 
circumstellar  disk  in  which  the  forming  planets  are  embedded  (see  e.g.  Papaloizou  et  al  2007, 
Chambers  2010 and  references  therein),  and through the  so-called  “Jumping  Jupiters”  mechanism 
(Weidenschilling & Marzari  1996; Marzari  & Weidenschilling 2002; Chatterjee et  al.  2008), which 
invokes  multiple  planetary  encounters  with  a  chaotic  exchange of  angular  momentum and energy 
between the bodies involved. Each of these migration mechanisms has different implications for the 
chemical make-up of the planetary atmosphere, as migration through a disk allows the planet to accrete  
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from regions with varying chemical abundances. This is not true for hot Jupiters reaching their present 
orbital location through planetary scattering.
 The growing body of evidence that dynamical and collisional processes, often chaotic and violent,  
can dramatically influence the evolution of young planetary systems gave rise to the idea that our Solar 
System could have undergone the same kind of evolution and represent a “lucky” case in which the end 
result  was a  stable  and regular  planetary  system. As we will  discuss  shortly,  different  attempts  at 
modelling  have  been  performed  on  this  regard,  but  in  the  context  of  NIR/MIR  observations  the 
underlying and important idea is that the processes shaping the formation and evolution of planetary 
systems are general. As a consequence, on one hand there are lessons that can be drawn from the Solar  
System  and  used  to  shed  light  on  the  link  between  the  history  of  a  planetary  system  and  the  
atmospheric composition of its giant planets. On the other hand, the insight that will be provided by 
future NIR/MIR space missions similar to EChO will prove invaluable to improve our understanding of 
our own Solar System and of the processes that made it a favourable environment for the rise of life.
If we follow the description of the history of the Solar System by Coradini et al. (2011) and we 
generalize  it,  the  life  of  planetary  systems  can  be  viewed  as  composed  by  three  different  phases 
(circumstellar disk, protoplanetary disk, fully formed planetary system), each characterized by different 
physical processes and different durations. This schematic view of the evolution of planetary systems is 
summarized in Fig. 1 (adapted and expanded from Coradini et al. 2011), where we report the main 
events that can take place across the different phases. Giant planets must form during the circumstellar 
disk phase, since the gaseous component of the disk is required to provide the material for both the 
massive envelopes of Jupiter-like planets and the limited ones of Neptune-like planets. Given that the 
processes that give rise to super-Earths are plausibly the same producing the cores of giant planets, also 
super-Earths can in principle complete their  formation already during the circumstellar  disk phase. 
Based on the case of the Solar System, terrestrial planets should instead complete their accretion after 
the dispersal of the gaseous component of the circumstellar disks.
In the following we will not discuss the details of the mechanisms governing planetary formation: 
interested readers can find updated reviews on the formation of the terrestrial planets in Righter & 
O'Brien (2011) and Morbidelli et al. (2012), on the formation of the giant planets in D'Angelo et al. 
(2011), and on the subject of planetary migration in Papaloizou et al. (2007) and Chambers (2009). We 
will instead focus the discussion on the processes and events affecting the atmospheric composition of 
the giant planets, as they are the major players in shaping the evolution of planetary systems and they 
constitute the largest fraction of the targets that will be observed by future NIR/MIR instruments .
2. Planetary formation and composition
The EChO mission proposal aimed to target super-Earths, Neptune-like and Jupiter-like exoplanets 
on relatively short period orbits. These broad classes of planets are all expected to have very different 
formation  and  migration  histories  that  will  be  imprinted  on  their  atmospheric  and  bulk  chemical 
signatures. Within each of these planet taxonomic classes, the stochastic nature of planetary formation 
will be reflected in significant variations in the measured abundances, providing important information 
about the diverse formation and migration pathways experienced by planets that are members of the 
same  broad  class.  Reconstructing  formation  histories  from  spectral  measurements  presents  a 
challenging inversion problem, but can nonetheless provide very useful constraints, as we detail below.
Formation  processes  and  migration  influence  a  planet’s  composition  in  numerous  ways.  For 
3/26
D. Turrini, R. Nelson & M. Barbieri
example, we clearly expect gas giant planet formation via gravitational instability to result  in very 
different bulk compositions and atmospheric abundances compared with planets that form through core 
accretion.  In  general  one  may  expect  planets  formed  via  the  former  process  to  reflect  the  bulk 
composition  of  the  nascent  circumstellar  disk,  whereas  planets  formed through core  accretion  can 
display a range of abundance ratios that depend on the relative accretion rates for planetesimals and gas 
(see Fig. 2). Gas giant planets are expected to have atmospheric compositions very different from the 
presumably heavy element-rich atmospheres of super-Earths, if the examples of Uranus and Neptune in 
our Solar System provide a useful guide. Very little research has been done on this important question,  
mainly because the large uncertainties in current measurements of elemental abundances provide little 
in the way of discrimination between different models and scenarios. Future NIR/MIR missions similar 
to EChO will change this, stimulating in-depth analyses of the link between formation, migration, and 
post-formation enrichment. In the absence of existing detailed model results, we outline a number of 
different simplified formation and migration scenarios to illustrate how diverse atmospheric elemental 
abundances can arise.
Formation of gas giants through gravitational instability during the earliest phases of a circumstellar 
disk evolution will lead initially to atmospheric abundances that are essentially the same as the central 
star’s  (see Fig. 2). Recent studies show that rapid inward migration of planets formed in this way 
occurs on time scales ~ 103 yr (e.g. Baruteau et al 2011, Zhu et al 2012), too short for significant dust 
growth or planetesimal formation to arise between formation and significant migration occurring. As 
such, migration and accompanying gas accretion should maintain the initial planetary abundances. As 
we describe  later,  post-formation  enrichment  may  occur  through  bombardment  from neighbouring 
planetesimals or long-period star-grazing comets, but this enrichment will occur in an atmosphere with 
abundances that are essentially equal to the stellar values and will take place at a time in which the 
population of planetesimals is reduced respect to its initial value.
In its  simplest  form, the  core  accretion model  of  planet  formation begins  with the growth and 
settling of dust grains, followed by the formation of planetesimals that accrete to form a planetary core. 
Growth of the core to a mass in excess of a few Earth masses allows settling of a significant gaseous 
atmosphere  from the  surrounding  nebula.  Halting  growth  at  this  point  results  in  a  super-Earth  or 
Neptune-like planet. Continued growth through accretion of planetesimals and gas can lead to runaway 
gas accretion, forming a Jupiter-like gas giant. A key issue for determining the atmospheric abundances 
of a forming planet is the presence of ice-lines at various distances from the central star, where volatiles 
such as water, carbon dioxide and carbon monoxide freeze-out onto grains and are incorporated into 
planetesimals. Considering a typical protoplanetary disk orbiting a solar-type star, Fig. 3 shows that a 
H2O ice-line  is  expected  at  ~2  au,  a  CO2 ice-line  at  ~10 au,  and  a  CO ice-line  at  ~  40  au.  The 
atmospheric abundances of a planet during formation will therefore depend on where it forms and the 
ratio of gas to solids accreted at late times (see Fig. 3). We recall that the  EChO mission proposal 
focused on the study planets with relatively short orbital periods, and these must have undergone large 
scale migration during their evolution: the inner regions of circumstellar disks contain too little solid 
material for in situ formation of planetary systems similar to those discovered by the Kepler mission 
(e.g. Kepler 11, Lissauer et al. 2011) and radial velocity surveys (e.g. Gliese 581, Mayor et al. 2009).  
The final C/O ratio of the planet will therefore depend on how it accretes as it migrates through the 
disk.
For the purpose of illustration, we now consider a number of highly simplified planetary accretion 
and migration  scenarios  and their  influence  on the  atmospheric  C/O ratio,  which  a  space  mission 
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